Introduction
Pompe disease also known as glycogen storage disease type II or acid maltase deficiency (OMIM No 232300) is a rare, autosomal recessive, metabolic disorder. The disease is caused by pathogenic sequence variations in the acid a-glucosidase gene (GAA). Acid a-glucosidase is required for the intra-lysosomal degradation of glycogen. Enzyme deficiency leads to lysosomal accumulation of glycogen in many different cell types, but affects primarily the skeletal muscle function. Cardiac muscle involvement is limited to cases wherein the enzyme deficiency is virtually complete. 1, 2 At present, close to 200 GAA sequence variations have been identified (see http: www.pompecenter.nl). c.1726G4A (p.G576S) is one of two sequence variations that we discovered in both GAA alleles of a Japanese boy presenting with ECG abnormalities, but no muscle weakness (Case 1, previously described by Suzuki et al 3 ) .
Pipo et al 4 described that this variant reduces the acid a-glucosidase activity by about half. Apart from being homozygous for c.1726G4A (p.G576S) the patient also was homozygous for c.2065G4A (p.E689K). 5 As previously reported by Suzuki et al 3 , the child had moderately low acid a-glucosidase activity for the artificial substrate 4-methylumbelliferyl-a-D-glucopyranoside (43% of normal) and markedly reduced activity for the natural substrate glycogen (14% of normal). The Km of acid a-glucosidase for glycogen was fivefold elevated and the amount of acid a-glucosidase-protein clearly reduced. The relationship between the GAA genotype, the acid a-glucosidase deficiency and the ECG abnormality remained enigmatic. p.K689 characterizes the GAA4 allozyme which was formerly found in the Chinese population with a frequency of 0.28 compared with the more common GAA1 allele (p.E689).
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Recently, we became involved in the diagnosis of a boy with congenital arthrogryposis (Case 2). Measurement of a series of lysosomal enzyme activities in leukocytes, cultured skin fibroblasts and muscle led to the serendipitous finding of acid a-glucosidase deficiency while subsequent analysis of the GAA gene revealed homozygosity for the combination p.[G576S; E689K].
During the diagnostic work-up, a third case of homozygosity for p.[G576S; E689K] came to our attention (Case 3). It concerned a healthy Japanese woman who had donated blood to serve as control sample in a newborn screening test for Pompe disease, but came out as false positive.
In the fourth case (Case 4), we were confronted with a difficult to interpret familial situation wherein the healthy, 25-year-old, Chinese mother of a child with classic infantile Pompe disease was identified as compound heterozygote: p.W746X/p.[G576S; E689K].
As the c.[1726G4A; 2065G4A] allele translating into p.[G576S; E689K] played a role in all of these four cases we analyzed the effect of both mutations, singly and in combination. The results are discussed in relation to the incidence of p.[G576S; E689K] in Asian populations and newborn screening for Pompe disease.
Materials and methods

Case reports
Case 1: A previous report of a 12-year-old Japanese boy presenting with ECG abnormalities, but no muscle weakness (Case 1 in Table 1) . 3, 9 Within the next 2 years, he developed congestive heart failure. The child had moderately low acid a-glucosidase activity for the artificial substrate 4-methylumbelliferyl-a-D-glucopyranoside (43% of normal) and markedly reduced activity for glycogen (14% of normal). The amount of acid a-glucosidase was clearly reduced and the Km for the natural substrate glycogen was fivefold elevated. The relationship between the acid a-glucosidase deficiency and the ECG abnormality remained enigmatic. Case 2: A boy of Chinese descent presented at birth with multiple contractures. Pregnancy and birth, both had a complicated course (polyhydramnios and placental abruption). Despite sufficient Apgar-scores (eight after 5 min) he suffered many complications during his first year of life including, at the age of 7 months, acquired but unexplained bilateral subdural effusion. Now, at the age of 14 years, he presents with multiple contractures, profound generalized muscle weakness and atrophy, depressed stretch reflexes, polyminimyoclonus and tongue fibrillations. He has no sign of brain dysfunction. Muscle biopsy at the age of 2 months showed groupwise atrophy, locally hypertrophic fibers and excessive interfascicular connective tissue. At the age of 6 years, the activities of several lysosomal enzymes were measured as part of the diagnostic workup and acid a-glucosidase deficiency was noted. Ancillary tests including SMN-analysis, cardiac examination, repeated serum creatine kinase determination and reexamination of the muscle tissue obtained at the age of 2 years for signs of glycogen storage, yielded normal results.
Case 3: This asymptomatic woman was identified as having low acid a-glucosidase activity while participating, with informed consent, in a research study to establish the normal range for acid a-glucosidase in dried blood spots taken from healthy individuals. This was to serve as the reference population for a newborn screening assay for Table 1 Acid a-glucosidase activities in leukocytes, lymphocytes, cultured fibroblasts and muscle of reported cases Pompe disease. The woman, 29 years old at the time and of Japanese descent, had no signs of Pompe disease despite having low acid a-glucosidase (Case 3 in Table 1 ). Her serum CK value was normal. Case 4: is the mother of a child with classic infantile Pompe disease. Her child was previously described as Case A in reference. 10 The mother self-reported her ethnicity as
Chinese. The clinical diagnosis for the child was confirmed, based on the presence of acid a-glucosidase deficiency and compound heterozygosity for the pathogenic GAA sequence variations c. 
The three reference sequences used in this study can be found at http://www.pompecenter.nl/position.pdf.
Enzyme activity assay, transfection and immunoblotting Methods used were those described previously.
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Results A boy of Chinese descent suffered many complications from birth on (Case 2). At the age of 6 years, the activities of several lysosomal enzymes were measured as part of the diagnostic workup and acid a-glucosidase deficiency was noted (Case 2 in Table 1 ). Sequence analysis of the exons of the acid GAA revealed three variations when compared with the cDNA reference sequence NM_000152.3 whereby the 'A' nucleotide of the start codon at nucleotide position 442 constitutes þ 1 numbering of the sequence: c.1726G4A (p.G576S), c.2065G4A (p.E689K) and c.2133A4G (p.T711T), all homozygous. The first two mutations were previously described in relation to Pompe disease and investigated for their individual effect but not for their combined effect. 4, 5, 9, 13, 14 We introduced these mutations, singly and in combination, into wild type GAA cDNA and studied their effect by transient expression in COS-7 cells. Figure 1 illustrates that the amount of acid a-glucosidaseprotein is proportionally reduced. The results obtained by these analyses were in accordance with the activities measured in the cells and tissue samples of the patient (Case 2 in Table 1 ). Two more cases of p.[G576S; E689K] homozygosity associated with remarkably low acid a-glucosidase activity came to our attention. Case 1 in Table 1 Table 1 ). Her serum CK value was within normal limits. In a fourth case (Case 4) we encountered the combination p.[G576S; E689K]/p.W746X on the separate alleles of the mother of a child with classic infantile Pompe disease, in a family self-identified as Chinese. Unfortunately, we did not obtain a blood sample or other tissue specimen from the mother to assay her acid a-glucosidase activity, but she was 25 years old when she had a physical examination and not noticed to have any clinical sign of Pompe disease even after 2 years of follow up observation.
Discussion
The p. E689K substitution was originally identified as the molecular basis of the GAA4 allozyme of acid a-glucosidase known to be frequent in the Asian population. 6 -8 Transient expression of c.2065G4A cDNA (p.E689K) was reported to result in 72 -125% of normal acid a-glucosidase activity. 13, 14 In another publication transient expression of c.1726G4A cDNA (p.G576S) was reported to result in 50% of normal activity. 4 In our expression system, the activity of each of the two sequence variations came out lower. This may be due to the different procedure. The combined effect of both sequence variants was not previously investigated and was found in this study to be the same as of c.1726G4A alone. The combination leads to roughly 60 -80% 'loss' of acid a-glucosidase activity, and this figure matches the activities that were measured in tissue samples of Case 1, 2 and 3 (Table 1) . 3, 5 We noticed that the few reported cases of p.G576S, including the ones presented here, were all Asian and searched for the frequencies of sequence variations in Asian and non-Asian populations. The literature data are summarized in Table 3 (NCBI sample sets) and confirm that substitution p.E689K is frequent in the Japanese and Chinese populations, but quite rare in the European and sub-Saharan/African populations. The same holds for substitution p.G576S. Notably, it seems that p.K689 can occur in isolation, but p.S576 is invariably found in combination with p.K689 (Table 3) Table 3 (Erasmus MC sample set). In summary, both p.G576S and p.E689K are frequent GAA sequence variations in Asian countries that mostly occur in allelic conjunction. The estimated frequency of the p.[S576; K689] allele is less than 0.01 in the European and subSaharan/African populations but as high as 0.2 in Asian populations (Table 3) .
Collectively, the findings suggest that the complex of clinical symptoms in Case 2 (Chinese descent) and the cardiac arrhythmia in Case 1 (Japanese descent) are unrelated to the remarkably low acid a-glucosidase activity caused by homozygosity for GAA genotype c.[1726G4A; 2065G4A] translating into p.[G576S; E689K]. This is supported by the fact that a third individual with a similarly low activity and the same genotype (Japanese, Case 3) did not have any sign of disease. Even the mother Table 3 ) has potential consequences for newborn screening programs. Since homozygotes can have an estimated 60 -80% reduction of acid a-glucosidase activity compared to average normal some of them may manifest as false positives, like the woman in our study (Case 3). 
